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CbRRELATION OF FLIGHT DATA ON LIMIT PRESSURE
CORFFICIENTS AND THEIR RELATIOﬁ TO HIGH-~
SPEED RURBLIFG AND CRITICAL TAIL LOADS
By Richard V. Rhode

STMNARY

Flight data are presented to show that the absolute
minimum or limit preasure ccefficlent on ar alrfoll 1s
a function mmalnly of the Nach numbe., for ¥Much numbers
above sgbout 0,3 und for nsuul .Jlight veluas of thse
Reynelds number. The curve of limlt nmressurs coeffl-
clont as a function of Mach nwater 13 esatublished. The
flicghit datae also ind'cate the rate at which the prassure
coerticlent decreases with streum Mack nimber as the
limit prossurs is anuvroached and whun the local Mach
number 13 grsater thun unity, Receut thenretlcal rasults
of Garrlclx and Kaplan ares modlfiad and extrepolatzd in
accordancw witih the flizght data at tlse hligher local
Mach nunhoers to ths establlished curve of limlt rressure.
A tontative worling chart for the doterminetlion of the
compressible-flcw nressure dlstribution ané of the 1ift
coefficlent beyond which potential Ilow canrot exlst is
thus established.

The 11ft coefficlents at which potentlal flow ceasss
to exist (namely, tne 1li1ft coefflclents at the so-called
comvuressiblility burble) anpear to be the actual maximum
11ft coefficlents over a certain range of Mach number;
that 1s, the 11ft coefflclents corresponding to the
attainment cf 1limlt pressure cnefflclent, as culculated
by means of the tentative workiug chart for the
P-47C-1 airplane, are in ugraement with the maximum
11ft coefflcioents measurad in abrupt pull-ups in the
range of Mach number from Q.27 to 0.55.

Although the material presented does not permlt
deductlons as to the relationshlp, i1f any, between the
maximium 11ft coefflcient end the limlt pressure coeffl-
clent at the higher values of the Mach number, 1t seems
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evident from published results of wind-tunnel tests and
other data that at the hlghrer Mach numbers the 1lift coof-
ficlents corresponding to limit prasaure coefficlent are
not, in general, maximums but that they do define a
boundary between two types of flow, ons of which is
turbulent or unsteady.

Certaln practical 1mplications of the results are
discusssd by means or applications to the V-an dlagram,
It 1s shown that modern [llghter alrplanes may stall over
a considerable range of indloated spesed at constant
values of the load factor srni that, in general, turbulent
flow emanating from the wings may exist ut almest any
point on the V-n dlagram withln the operatlng range of
altitude, From this result 1%t follows that an important
condition of tall loading occurs a3 a result of the
superposition of buffeting 1lnad increments on maneuvering
loeds,

The detericrating influsnce of skin wrinkles and
bulges i1s also dlscussad und the nscessitr of designing
smhoth wings that do not bulge or wrinkle within the
normal ocperating range of load factcr is indlcated.

INTRODTCTION

Bocause of the lack of a satlsfactory theoretlcsal
solution of the hizh-svesd stall or burble, limited
flight tests wsre made on a P=-L7C-1 airnlane for the
purpose of obtalaning data cn the stall characterlstlcs
as a function of Mach number und Reynolds number.
Stalled pull-ups were made at high sltitude withlin
conservative 1llmits of load factor end measurements
of acceleration, alrspesed, and wing prascures were made.
The data from these tests were neeced becauses a number
of recent tall fallures were apparently caused by large
loads resulting from nremature stalling st moderately
high speed and 1t was therefore necessary to establish
soe means of estiratling the speads and ecceleratlons
of stalling before a rational apvnroach tc the tall-load
problem could even be attemnted,

The results of the tests indicated large adverse
compresszibllity effects on the maximum 1li1ft coefflclent
and verified the suppcsition that true stalls might
occur at moderate values of 1l1ft and at moderately high
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values of speed. The results could not be used to
estimate the stalling conditions-for other cases,.how-_.
ever, and were not published.

Varlous investigators of the theoretical flow of
compressible flulds have shown and experience indicates
that serlous flow disturbances do not take place upon
the attalinment at some locality of the spesd of sound.
The value of local Mach number or pressure coefficlent
beyond which vpotentlal Irrotatlonal flow can no longer
exlst has, however, remalned elusiwve and spsculative.
Kanlan 1n reference 1 has indicated values of the limit
pressure coefficlont on the basis of a mathematlcal
analysls of flow over a series of bumps. The results
of reference 1 are most accurate for bumos of smsall
thickness for wkich the valuss of the 1llmiting pressure
coefficlent occur at rather high stream liach numbers,
For thick bumps, the analysls of referonce 1 1s leas
aczcurate end requlres additlonal terms 1in the solution.

Since the tests werec mads on the P-li70-1 ailrplane,
addlitional data have become avallavble from tests on an
XP=-51 airnlaene and an S32C-1 airplane. The pressure
measurementas from these several tests and from an
earlier test on an YF2A-2 alrplene, togother with the
theoretical results of reference 1, are used to establlish
a useful working curve of 1limit praessure ccefficlent
against !lMach number.

In the oresent naper, the experimental curve of
limit pressure coefficlent 1s yiven. A tentatlve
working chart 1s also prasented for the solution of
comnresslible flows 1n alr to the limit vressure. This
chart 1s based on a recent report by Garrick and Kaplan
(reference 2) and has besn adjusted and extrapolated at
the higher local Mach numbers in accordance with the
flight data.

Application of the results to the estlimation of
the limits on the V-n dlagram at which burbling occurs
1s Indicated and some 1lmplicatlons of the results are_
dlscussed.

FLIGHT TESTS OW P-)}7C-1 AIRPLANE

Alrplane maximum 1ift coefficlent.- Abrupt pull-ups
to stall were made at altlituies of 15,000, 20,000,
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and 25,500 feet. Measurements were made of the normal
component of acceleratlon and of the alrspeed; the
pressurs altlitudes wers observed by the pilot. The air-
plane was welghéd before take-off and allowance was made
for fuel consumption up to the time of each pull-up-to
obtain correct values of wing loading for the purpose of
computing the 11ft coefficient Cr,. Accepted methods
were emnloyed in correcting the alrapeed for compressl-
bility effect.

The results of these tests are shown in figure 1
as maximum 11{t coefficlent GLmax againast stream Mach

number M. There is no anparent effect attributable to
differences of Reynolds numbsr R; the value of CLmax

at M = 0., where the duta for two sltitudes overla

i1s virtually the same &t Reynolds numbers of 9.8 x 1

and 13 x 106, The dagradation in meximum 1ift with
increasing Mach number 13 evident,

The nature of the acceleration records and the
pllot's observation of tho teshavior of the airplane
are of Interest. Migurs 2(a) shcws a typical record
for one of the pull-ups at 15,000 feet and figure 2(b)
shows one at 25,500 feet. Ths charp character of the
break at maximum 11ft is apparent, particularly for
the pull-up at 15,000 fset., In &ll of the pull-ups
the brealrts had the same sharp character, except in the
one case noted in figurs 1, the record for which is
shown in flgure 2(c); in this case tThe pilot reported
a partlal stall characterized br slight shuddering of
the airplane.

The pilot's reports of the behavior of the alrplane
indicated that the stalls were, in general, symmetrical
and "hard" - that 1s, there was 1little tendency to roll
and- the sudden change of force, both on the wing and on
the tail, resulted in a hard shock to the alrplane
structure, In some casss the pilot noted shaking of
the ailleron.

MKeasuremsnt of minlmum pressure,.~ In additicn to
the messurenenis ol Clpax® 2 I'eW pressures were

measured in four of the runs to establish the minimum
pressurs, which was expected to occur near the nose of
the wing. For this purpose seven closely grouped pres-
sure orifices were Installed at a sectlion near the mld=-
semispan location, as shown in flgure 3.  Considerable




NACA ACR No, I I27 5

care was exercised to ensure a smooth surface and flush
orifices; and- high-frequency.- manometers were locegted 1n
the gun compartment adjacent to the orifices to provide
short pressure tubes and thus to minimize lag in the
pressure messurements,

Because these tests were made during the course of
another investligetion on the airplane with whilch 1t was
deslired not to Interfere and because of other limita-
tions, the pressurse lnvestigation could not be as
complete as desired. For thess reasons, even with the
oriflce locations limited as stated, only one-~half the
orifices could be connected to the manometers at one
time, so that the flight had to be repeatsd. Actually,
en abrupt pull-up was made at 20,000 feet followed by a
check pull-up with the same set of connections; the alr-
plane was then brought to earth, connectlons changed,
and the two pull-ups repeated within about 1/2 hour
of the flrst pull-ups. The pull-ups were nearly identical,
as lndicated by the test polnts for the altltude of
20,000 fest shown in filgure 1.

The minimum pressure coeffliclent measured at the
nose in these tests was -5.55 and the Mach number was
0.412, The minimum pressure occurred at the time of
maximum 1ift; thls feature of the result 1s shown in
figure | by the time Lilstories of pressure coefficient
and normal acceleration, in which the occurrence of
8tall 1s Iindicated by the sharp break and the subsequent
irregularity in the acceleration curve.

FLIGHT TESTS ON XP-51 AIRFLANE

Avallable results from flight tests on the XP-51 alr-
plane include pressure measurements obtalned in a stalled
pull-up at & Mach number of 0,445 and in three pull-outs
from dives at Mach numbers of about 0.73.

The pressures were measured around the profile at
three statlons along the span of the left wing. The
spacing of the orifices at the nose, ln general, was
not so close as in the case of the P-,7C-1 airplane
and the connecting tubes to the manometer in the
fuselage were longer. The minimum pressure coefflclent
actually measured was -L..60 at the nose of the inboard
statlon, and this wvalue occurred at a Mach number
of 0.4L45.
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The minimun pressure coefficlent measured at the
nose of the middle station was -} .25 at a Mach number
of 0.45. The minimum pressures for both tke root
and the mlddle station occurred somewhat later than the
meximum 1l1ft coefflclent or acceleration. Flgure 5
shows for the midsection the tlme history of the pres-
sure coefflclent at the polnt at which the minimum
pressure occurred, together with the time history of
the normal acceleration. At the instant of maximum
1ift, the minlmum pressure coefflclent measured was
-};.01 and the Mach number was 0.}55. It appears that,
as in the case of the P-l;7C-1 airplane, the maximum
1ift coefflciont occurred substantially In conjunction
with the attalinment of a limit value of minimum pres-
sure coefficlent, with the exception that the minimum
pressure coefficlent contlnued to persist for a perlod
of time followling the occurrence of the stall. The
pressure distribution over the upper surface of the
middle statlon, at which the nose orifices were the
most closely spaced, 1s shown in figure 6 for the
instant of maximum 1ift,

An example of the behavior of the minimum pressure
coefficlent iIn the dive pull-outs 1s shown in figure 7,
in which the 1i1ft coefficient, minimum pressure coeffi-
clent, and stream Mach number are plotted agalnst time.
It 1s seen that, before the pull-out started, the
minimum pressure coefflclent decreased as the Mach
number increased to a value that subsequently remalned
nearly constant for a time. As the 1lift coefficlent was
sharply increased from about 0.1 to about 0.l, however,
the minimum preasure coefflclent falled to respond in
a manner that would have been expected for low values
of the Mach number. 1In fact, the slngular constancy
of the pressure cosfflclent 1n thls case suggests the
attainment of a limit value for the Mach number shown.

The apparent attainment of 1limlt values of the
minimum pressure coefficient in the dlve pull-outs was
not related to an: obvlious stall, although the pres-
sure records showed that turbulent flow existed behind,
but not ahead of, the locatlon where the 1limit pres-
sure occurred.

FLIGHT TESTS ON SB2C-1 AIRPLANE

In the course of an Iinvestigation of the flight
loads on an SB2C-l alrplane, pressures were measured
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along the chord at three spanwlse statlons on the left
wing.  Although the tests. were .not..carrlied to .very high
Mach numbers or 1ift coefficlents, a series of pull-
outs was made up to a Mach number of 0.645 and a 1lift
coefficient of 0.[5. In the last pull-out, as con-
trasted with previous ones of lower speed and accelera-
tlon, there were deflnite evidences of dilsturbance to
flow over the wing and of separation from the upper
surface. These evidences Included sudden losses in
total pressure 1n a reglon exteading from % inches to

6 inches above the tralling edge of the wing and dis-
continuity in the curve of wing bending moment agalnst
wing 1ift., Mcreover, as for ths XP-51 alrplane, the
minlmum pressure coeffliclents showed a tendency to astay
at a nearly constant valuve over a rerlod of time duriag
which the normal acceleration of the airplane increased
ané¢ decreased. Although the Indications ware not so
sharply defined for the SB2C~1 alirplans as for the
P-;70-1 and XP-51 airpnlanes, 1t is bellieved that a 1limit
value of »rossure coeffilclaoant had besn obtalned and
that, assoclated wlth 1is occurrence, separation of
flow occurred over the upper surface of the wing. In
this case the minimum pressure coefflcient was -2.15 and
occurred at a Mach number of C.&45.

LINMIT PRESSURE COBFFICIENT

It sesams evlident that, in each ol the flignt tests
clted, the minimum pressure coefiiclent measured at any
point along the chord attalned a limit wvalue at which
separation of flow or turbulence occurred. The several
values of minimum pressure coefficlent measured in the
flight tests clted herein are plotted against Mach
number in filgure 8. The point shown for the stalled
pull=-up of the XP-51 airplane 1s that for the nose of
the root statlion. This polnt was chosen because it
was the minimum of all values measured and is probably
the most accurate value considering the effects of lag
In the tubes connectinz the orifices to the manometer.
Also shown in figure 8 are results from reference 1 for
bump thickness ratios up to gbout 8 percent and a point
from tests of the XF2A-2 alrplans reported in refer-
ence 3, This last polnt was taken from the original
data, not from the cross-falired pressure plots shown
in reference_3.
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The manner in which .the various points fall along
a single curve in figure 8 notwithstanding differences
in alrfoll section, 1ift coefflclent, and Reynolds
number seems to verify the resl existence of a limit
pressure coefficlent dependent mainly upon Mach number
and to establish the curve as the definltlon of this
limit pressure coeffliclent as a function of the Mach =
number,

MODIFICATION AND EXTRAPOLATION OF THEORETICAL FLOW

Flgure 8 shows, in addition to the experimental
values of 1imit oressure cosfficient, the theoretical
values of pressure coefficlent in compressible flow
presented 1n reference 2. The sonlc curve shown 1ln
figure 8§ revresents the locus of points at which the
local Mach nurber fs unlfty. The theoretical results
indicate that the negative pressure coafficlents may
continue to decrcase In & continuous manner with
lncrease in the stream Mach number to valuss corre-
sponding to a constant lccal Mach number which, for
a partlcular velocity correction formula given iIn
reference 2, has the value 1.15. The theorstical
results, however, do not extend to the experimental
curve of limit vressure coefficient and, 1n order to
effect solutions of the flow to thils 1limit, the
theoretlcal flow nmust be extrapolated., Also, the
theoretlical curves as extrapolated must be examined
in consideration of the avallable fllight data to
ensure that solutions in reasonable agreement with
the flight results are obtalned,

In order to effect an extrapolation that would
conform to the desirable condltion of agreement wlth
the flight data, three steps were taken. First, the
vpressure dlstribution obtalned immecdiately prior to
the stall of the XP-51 alrplane was comrared with the
galculated pressure distribution as corrscted for
compreasibllity by the use of thse Garrick-Kaplan curves
directly extrapolated; the dlsagresment 1n the two
results was then used as a gulde to effect a modifled
extrapolation. Because thils flrast step serves as a
gulde to extrarolation only in the reglon of the greater
numerical values of ths negative pressure coefficlent,
a second step, almed at extrapolation in the reglon of
the lower values, was to examine the rate at which the
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minimui pressure coefflclent changed with Mach number
~Just prior to the attainmment of the 1limlt pressure 1in
the dlves of the XP-51 alrplane, The experimental rate
was then used as a gulde to the extrapolation. Finally,
the modlfled and extrapolated flow curves, together with
the establlshed curve of 1limlt pressure coeffieclent, were
used to estimate the probable maximum 1ift coefficlents
of the P=l{7C-1 alrplane over a range of Mach number and
these 1l1ft coefflclents were checked against those
obtalned experlimentally by means of the accelerometer
and alrspeed measurements.,

Flgures 6 and 8 show the results of the first
step. In this step only the negative pressure coef-
ficlents were consldered and, because of the presence
of the flap and other irregularities in the wing near
the tralling edge, attention was focused on the forward
half of the wing, where the smoothest flow exlsted.
Furthermore, tha comparisons were effected by matching
the pesk pressure coefflclents at the nose and observing
the degree of agreement 1n ths pressure curves as they
extended back toward the tralling edge. For thls purpose,
the minimum pressure coefflclent occurring at the nose of
the alrfoll was assumed to be =l.,60 instead of the
measured value of -};.01, which occurred at the time of
meximum 1ift. Thlis value was chosen because of the
probabllity that the minimum pressure coefficlent
actually occurred somewhere between the points at which
pressure orifices were located. It may be noted that
~l}.5 18 the value found on the curve of limit pressure
coefficlent in figure 8 for a Mach number of 0.455 at
which the maximum 11ft occurred. Flgures 6 and
indicate that better agreement between the calculated
and measured pressure dlstrlibutlons 1s obtalned with a
compressalbllity correctlion that bends up less steeply
than the Garrick-Kaplan curves 1n the region of and
beyond the sonic curve. Below the sonlc curve, the
curve of best agreement lles between the approximate
result of von K4rmfén (reference l) and the particular
case dlscussed 1n reference 2. In fact, the experl-
mental curve follows very closely the Temple-Yarwood
approximation reported in reference 5 and dlscussed 1in
reference 2.

The result of the second step is shown in fig-
ure 8 as a plot of the simultaneous values of minimum
pressure coefflclent and stream Mach number shown in
the time history of figure 7 prior to the pull-out.
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Although the angle of sttack dld not change sufficlently
during the dive to affect the signiflicance of this
result, a bulge in the uppor surface of the wing grew
larger with lncreasing speerd so that the proflle dld not
remain quite constant. At the higher sreed, just before
the pull=-out, the locatlon of minimum pressure shifted
from about l;2 psrcent to 50 percent chord, which was the
location of the crést of the bulge. The plot of pres-
sure coefficlent in figure 8 is that of the minimum
pressure coefficient regardless of location and is the
most significant posiitle representation of the behavior
of the rressure ccefficlent wlith increasing Mach number.
The result shown therefeore is a zvbstantially true
indication for the prosent purpose and serves as a
legltimate gulde tc the extrepolation., Azain, 1t appsears
thet the experimental flow curve bends up less steeply
then the Garrick-¥Farlan curve, The experimental curve
hers 1s somewhat rmoro stesv than the Termple-~-Yarwood
approximation. '

Migure 9 18 a coarlete flcw chart based crrimarily
on the Garrick-Kanlan results modified and extrapolated
in accordance with the experimental results as indicated.
The Temrle~Verwdood approximatlion wes used to some extent
to asaist in systematizing the upper parts of the flow
curves, This chart .ray be regarded as a tentetive
working chart for the sclutlcen of the pressure discribu-
tion to the 1limit rressure and of the 1lift cceffislent
at wniech marked changes in flow occur., No doubt soms
slizht rodiflcation of tk» chart will orov2 deslirabls
as additlonal flight data become avallable or can be

analyzed,

It nay be nointed out that, whereas the particular
veloclty correction formula dlscuscsed in resferemnce 2
ylelds a 1limit curve for whick the local Maclh numbter
is 1.15, tane Tempnle-Yarwood approximation ylelds a
1imlt curve tfcor which the local Hach numbsr 1= 1.,5%%5
calculated according to the method cf reference 2. The
exrorimental curve corresponds to a local Mach number of
about 1.5 at tks !ntermedlate and high walues of the
minimum pressure coefficlent and tc somewhat lower local
Mach n'mbers et the lower values ol pressura coefliclent.
Apparently, tren, no one velocity ccrrection formula would
annly over the entire range of condlitions and 1t arpears
from the present experimental results that the limit
curve of flgure 9 is nrobably the one aprlicablas to
modera slrplsnes,
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~-ewr . . COMPARISON OF ESTIMATED AND MEASURED
",IMIT LIFT COEFFICIENTS"

Preasure distributlions for three sectlions of the
wing of the P-4,7C-1 alrplane wers calculated for incom-
presslible flow at several 1ift coefficlents according
to the method of reference 6. The sections for which
the calculatlons were made were taken at stations near
the root, midway between the root and tip, and near the
tip. In each case care was taken to ensure accurate
evaluation of the peak pressure near the nose. These
pressure dlstributions were expanded to various Mach
numbers through the use of figure 9 until the 1limit
presaurs coefficlent was attalned., The new 1lift coef-
flclents were then found by mechanical integration. 1In
this way the"limit 11ift coefficlents™were obtained as a
function of free-stream Mach number.

The span load distributlon was then determlined
according to the method of reference 7 and the section
1ift coefficients were plotted against wing 1ift coef-
flcient. Since there was no reason to belleve that
the span load distribution would be greatly affected
by compressibility until a breakdown in flow occurred
at some statlion, no serious attempt was made to correct
this distribution for compressibllity. Because the
wing has some twlist, however, the well-known Glauert

factor N was applled for a Mach number of 0.55
1l -

(a2 value near the upper limit attained in the tests on

the P-4 TC=-1 alrplane) to indicate approximately the

degree to which the ultimate result might be affected

by such a correction. The uncorrected and corrected

values are shown in figure 10.

Finally, the sectlon values of 1imlt 1ift coef-
ficlent, as previously determined for several values
of the Mach number, were located in the plot of section
1ift coefficient against wing 11ft coefficlent. (See
fig. 10.

Figure 10 shows at a glance approximately where
the change in flow may be expected to occur first
along the span. At the lower Mach numbers and higher
11ft coefficlents, the high pressure coefficlents at
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the relatively sharn nose of the thin tip section result
in earlier change near the tin. At the higher Mach
nunbers and lower 1ift coefficlenta, tho greater thlck-
neas of the root section causes the flow to break down
first at the intoard location. The Inlitial occurrence
of som3 breakdown in flow ovar a narrow region along

the span does not mean, however, that a ckanme of 1ift
of the whole wing wlll be manifestecd at the same time.

It 1s evident that the 11ft of the wling at which
a change in flow is llkely to te manifasted by some
noticable change In bshuvior of tiie alrplane will 1lie
between the values corresponding to the 1imit 1ifts of .
the root and tip sections. Wlthout knowledgs of the
rate at which the 1ift changes beyond the critical
value at eaclh statlon, the wing l1lii't cnefflclent of
corurse csnnobt be exactly determlinod. As esn approxima-
tion, owever, a mean wing lift coefflclent mar e
dstez~itined bv welghtlng the valuss corresronding to
the 2 ritical sectlon coeffizlents according to the
cnurds of the sectlons. Ths wing 1lift ccefficlonts
detormined in thils manaer for ths P-},70-1 al'rrlane are
shown In figure 10. Xigure 1l shows the meuan wiling 1ift
coefficlients plotted agulinat Mach number. Also shown
for comparisen ars the exmerimental values of maximum
11ift zoefflclent “rem figure 1, corrected for the
unward-ccting tall load to represent wore neurly the
maximum 11ft coe“ficlent of the wing alorne. The agree-
ment botween the experimental maximum 11ft coefflclents
and the limit 11°t coefflclents as estimuted from the
chart of figure 9 serves both as a practical checlk of
the chart and as an indication that the brealdown of
flow assoclated with tlie attalnment of the 1limlt pres-
sure coefflclent deflnes the maxinum 1lift coefficient
for the wing cf the P-}7C-1 uirplune within the test
range of Mach nuaber,

DISCTSSION

Appllications to V-n Diagram and
T .

implications Relative to Tall Loads

In order to 1llustrate some practlcael implications
of the foregoing results, V-n diagrams (fig. 12) have
been prepared for the P-&?C-l elrplane. The V-n dliagram
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- 18 simply a graphical representation..of- the general. 1ift
equatlion, where the 1ift 1L 18 given In terms of the
alirplane welght W, as follows:

Cr, %pv2
= w/s
where
o) mass density of alr
\' true alrspeed
3 wing area

The curved boundaries shown 1n flgure 12 are the limits
defined by the estimated values of 1lift coefficlent at
the limlt pressure coefficlent and hence apply to the
wing only; airplane load factors are about 5 or 6 percent
higher than the limits shown owlng to the upward-acting
taill load. The mean line through the acceleration

values measured at 25,500 feet and corrected for tall
load 18 also shown for comparlson,

This V-n dlagram shows at a glance the values of

acceleration and Vol/2 at which breakdown of flow or
burbling occurs at any altitude. A point of lnterest
1s that tkhe llines of constant 11ft coefficlent ars also
lines of constant Mach number when consldered &8s con-
necting the V-n boundarles for the different altitudes.

It may be noted that there 1s a reglon of altitude
and speed at which burbling occursa with high load factors
In the neighborhood of the 1limit load factors for which
modern flghter and pursult alrpleanes are designed. For
example, 1f a horizontal line i1s drawn on the diagram
at n = 8, this line intersects the sea-level boundary
at about 285 miles per hour and at 520 miles per hour.
Burbling can therefore occur at sea level at elther of
these two speeds. As the altitude increases, the lower
speed at which burbling occurs at 8g increases and the
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higher speed decreases untll, at about 8000 feet,

the flow breaks down at 8g at a single speed of about
370 miles ver hour; at other speeds, burbling already
has occurred at lower load factors, Thus, 1f pull-outs
cr pull-ups are carried out to 8g between sea level and
€000 feet, burbling may be exvected to occur at any
speed, dererding unon the altltvde, between the sea-
level 1imits of 230 miles per hour and 53C miles per
hour, Similar conditions obtaln, with different 1limits
of speed and saltltude, for other values of acceleration.

The effect of wirg loading 1s lndicated by a com-
parlscn of flgure 12, whilch applles for a wing loading
of L0 pounds per squere foot, end figure 13, which
applies for a wing ioading of 30 pounds per squsre foot,
The boundarles for equal altltudes move to higher values
of accsleration as tlre wing loading decrsases or, by
putting it converssly, bnrbling occurs at glven values
of acceleration and 1ift cosfflclent at higher altitude
as the wing loeding decrsasas. In tha case under con-
sideration, the effect of decreasing the wing loading
from 1,0 nounds rer square foot to 30 pounds vmer square
foot has been to increase the altitude at which burbling
occurs at a single speed at 3g from ebout 8000 feet to
about 15,000 feet.

These results lead to the conclusion that break-
down 0% flow frcn the wings of modern fighter alrplanes
mav occur as a result of comnresslibllity effectsover
most of the area nf the V-n dlagram, the accelerations
and spenrds devending unon the wing lcading and altltude
for snv glven alrolane geometry. NlNoreover, wlthin the
usuel range of wing loading, such breakdcwn may occur
In the vicinity of the limlt load fsctor wlthin the
normal operating range of agltitude and speed. This
fuct; of course, has an important bearing on the loads
impossd on the alrpnlane structure, especlally that of
the tail. In the case of the horlzontal tall, the
exlstence of the hlgh load factor signifles, in general,
a large upward-acting tall load; when the flow breaks
down over the wing whlle the quasi-static load on the
tall 1s large, a critical condltlon 1s likely to occur
because of the superposition of addlitlonal load incre-
ments. These load increments lnclude those resulting
from buffeting (see reference 8) and those resulting
from changes In the location of the aerodynamlic center
of the wing. FPFurthermore, 1f the breakdown in flow 1s
unsymnetrical over the wings, rolling and yawlng may be



NACA ACR No, LLI27 15

expected. to occur and unsymmetrical components of tall
load wlll be imposed. If the breskdown iIn flow 1s a
true atall, as the evldence indicates will be the case
at the more moderate values of the Mach number, and if
some alleron or rudder has been applied, a snap roll may
ensue with very large yaw angles and large unsymmetrical
tall-load components. In thls case, too, the loads on
the vertical tall surfaces may be critical because of
the occurrence of a very large yaw angle at high speed.

Although reduction of wing loadlng increases the
altltude 2t which the high loads occur, the probability
of stalling or burbling still remalns within the rangs
of usual operating conditions for all commonly used
wing loadings. On the other hand, the range of altitude
within which stglling or burovling does not occur over a
consldersbls range of speed is pruatly increased wlth
roduced wlng loadling so that, in general, the lighter
the wing loading the lsss probable is the occurrence of
change of flow, eaneclally at the higher values of load
factor. The lighter wlng loandlngs ere therefore
advantageous In this respect.

Differentiation between Stalling and Burbling

Care has been exercised to avold the use of the
terms "stall" and "maximm 1l1ft" in thls report except
wnen the breakdown of flow at maximum 11ft or maximum
11ft was specifically meent. The results reported
herein anpear to Indlcate deflnitely enough that, when
the 1imit pressure coefflclent 1s reached at high to
moderate values of ths 1l1ft coefficlent and at corre-
spondingly low to moderate values of the Mach number,
the breakdown 1n potential flow induces loss of 1ift
and rasults in a turbulent wale of considerable strength.
In other words, the 1limit pressure coefficlent appears
to define true maximum 11ft, or stalling, over a certain
range of Mach number, the upper limit of which has not
yet been established.

In the high-speed pull-outs of the XP-51 alrplane
at Mach numbers of about 0.7l and at 1lift coefflclents
of about 0.}, the mere attalnment of the limlt pressure
coefficient did not result in any noteworthy manifesta-
tion of troublesome condltions although, as has pre-
viously been noted, the pressure records indlicated the
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exlstence of turbulence behind the location at which the
1limit pressure ccefficlent occurred., It is felt that
the reason for the lack of noteworthy effects In this
case may have been that the limit pressure coefflclent
occurred rathrer far back .on the upper surface (see

fig., 16) and that the turbulent wake was consequently
narrow and missed the tall. Furthermore, the exlstence
of a slight bulge In the proflle at the location of the
1limlt pressure may have stablllized the locatlon of the
shock and thus have led to the malntenance of relatively
steady flow concdiltlons.

That the attainment of the 1limit pressure coeffi-
clent in the pull-outs of the XP=51 airplane did not
correspond to maximum 1li1ft 1s obvious from the data
in flgure 7, which show that the 1li1ft cosfflclent can
change considercbly while the minimum pressurs coseffi-
clent remains nearly constant. The reason for thls
behavior 1s perhaps evident from flgure 16. It may
be observed that, since the limit pressure coefflclsnt
occurred at the 50-percent-chord station and pressure
coefficlants of much lcwer rmagnituds were present
forward of this polnt, there 1s no bar to the further
reduction of the pressurea over the forward half of
the wing mntil the limit value 1s attalned there; that
i1s, as the angle of attack 13 lncreased, the pressure
diagrem mayw continue to be "fllled 1n" over the forward
portlon until the 1limit pressure 1s attalned at the
nose,

The determination of maximm 1ift at the higher
values of the Ilach number Is therefore not settled by
the materlasl conteined herein, There 1s no doubt
that flight can be accomplished at the hizgher Mach
numbers outslde the boundaries of the V-n dlagram
established by the limit pressure, but the maximum
possible loed faclors are not at present subject to
enalytical determinaticn., On the other hand, there
is also little or no doubt that at these hligher Mkach
numbers the limit pressure does establlsh boundarlies
on tho V=n dlagram between two regimes of flow, one
of which 1s turbulent or unsteady. Whether the change
of flow and the *urbulence Ilntroduce hazardous condi-
tions depends upon, amcng other thlngs, the geometry
and dynemics of the airplane and the magnitude of the
dynamic pressure.
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Effect of- Skin.Bulging and Wrinkling

It should be relterated at this polnt that the
test results for the P-47C-1 airplsne were obtalned at
sufficlently high altitude or at sufficlently low speed
to ensure that the loed factors would not be high. For
thls reason the wing was not stressed sufficlently to
cause serious distortion of the wing proflle due to
bulging or wrinkling of the skin, and the results there-
fore apply to the undistorted profile., The V-n dlagrams
shown herein also apply to the undlstorted profile.

It 1s easy to show, however, that distortlions of
the proflle have a substantlal deleterious effect upon
the 11ft coefficlent at which the 1limlt pressure occurs,
This fact 1s almost self-evident but 1s 1llustrated
by figures 1, and 15. Figure 1l shows the upper sur-
face of an alirplane wing under static test at a load
factor of 8. The report of the test indilcates that
the wrinkles started to form at a load factor of 6 when
the wing was first lcaded and at a load factor of L
when the wing was reloaded after having been loaded to’
the design yleld load. PFigure 15 shows the calculated
incompresslble-flow pressure distribution for the
forward portlon of the uprper surface of this wing at
two values of the section 1i1ft coefficlent. The fig~-
ure also shows the pressure distributlon as modlfled
by the presence of a wrinkle having dimenslons such
as those shown in flgure 1. The rodification of
the pressure distributlion as caused by the wrinkle was
calculated by the method given 1n reference 9. Referring
these pressure dlstrlibuticns to flgure 9 shows that the
presence of the wrinkle seriously decreases elther the
1ift coefficlent at a gilven value of the Mach number or
the Mach number at a given value of the 1ift coefficient
at which the limlt pressure coefficlent 1s reached.

The flatter types of pressure dlstrlbution asso-
clated with the newer types of alrfoll at the lower
11t coefflcients may be sensltive to slight distor-
tions of the proflle as the 1limlt pressure is approached.
Measurements of the profile distortion at the mid-
semispan locatlion on the XP-51 alrplans, for example,
Indlcated that the crest of a wide bulge occurred on
the upper surface at the 50-percent-chord station. The
height of the bulge was about 0.2 percent chord. Else-
where along the chord the helghts of the bulges were
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only about one-twentieth that magnitude. It might

be expectsd that the effect of the bulge would be

to modify the Incompressible-flow pressure dlagram in
e manner similar to that lllustrated for the wrinkle
in figure 15; of course, the vressure increments would
be less drastic than for the wrinkle (the height of
which, incidentally, was 0.l percent chord) and, since
the bulge was wicer tl.an tlhie wrirkle, the nressure
Increments wcoculd be spread over a somewhat graater
éistance along the chord.

Figure 16 shows the estimated pressure distri-
bution for the undistorted ugjer-surlface profile
together with the pressure dlatribution actually
measured just as the 1limit pressure was reached.
Althouvgh the point has notv been verliied, 1t aopears
rossible thLat tlie eflect of the bulge 1n the upper
surface was to shlft the pcsltion at which the reglon
of low »nressure cccurrad ard also to cause the pressure
to decrease to tke limit wvulus.

Bulzing and wrinkling cf She siin apoear, there-
fore, to have two Ilmvortant effects, Flrst, as
wrinl-ling occurs at the higher load factors, the 1lift
coafficlents of burbling are reduced and the actual
V-a boundaries for the lower altitudes may have flatter
and lower crests than lllustrated by the examples s3hown
for an undistorted wing in figures 12 and 13, Secong,
the exlstenca oI bulging and wrinkling mulkes very
difficult, if not practically impossible, tha predic-
tion of an exact pressure distribution at the higher
loads and sveeds, It would seem, thersefore, that
every offort asrould te macde to design tho winzgs of
high=-rerformance alrvlanes to have rigid shells rather
than to nermlt wrinkling and bulglng of the skins.

It 1s equally evident, of course, thet otker flow
deteriorating influences on tine wing proflle should
bs suppresssd to the vanishing point.

Langley Wemorial Aercnantical Laboratory
National Adviscry Comilttee for Aeronautics
Langley Fleld, Va.
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Figure 2.- Acceleration records taken on P-47C-1 airplane during
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Figure 14‘.— Airplane wing under static test at a load factor of 8.
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